Objective: This study compares measurements of ear-canal reflectance (ECR) to other objective measurements of middle ear function including audiometry, umbo velocity (V U ), and tympanometry in a population of strictly defined normal-hearing ears.
INTRODUCTION
Given the widespread occurrence of middle ear disease and the difficulty of accurately identifying the cause of conductive hearing loss (Merchant et al. 1998a, b; Nadol & McKenna 2004; Gulya et al. 2010) , noninvasive, cost-effective diagnostic tools that reliably distinguish among middle ear pathologies would be valuable. These would aid in better selection of cases for surgery, surgical preparation, patient counseling, as well as help prevent unnecessary surgeries, for example, avoid exploratory middle ear surgery for superior semicircular-canal dehiscence presenting with conductive hearing loss.
The most common clinical objective measurement performed to assess middle ear abnormality is 226 Hz tympanometry. Tympanometry is often used for the diagnosis of middle ear effusion (Alberti & Jerger 1974; Jerger 1975; Feldman 1976; Margolis & Shanks 1985) . Publications have also reported on tympanometry's ability to aid in the diagnosis of pathological fixation of the malleus and stapes as well as ossicular discontinuity (Feldman 1976; Margolis et al. 1978; Margolis & Shanks 1985) . However, the wide range of normal tympanometric values coupled with the relative insensitivity of tympanometry to many instances of ossicular pathology argue against its use as a stand-alone objective measure of ossicular pathologies (Jerger 1975; Margolis & Hunter 1999; Nakajima et al. 2005b ). This insensitivity results because the compliance of the tympanic membrane (TM) generally dominates the tympanometric results, and an unusually compliant or stiff TM, or compliant ossicular joints, can mask the effects of ossicular pathology and interfere with diagnosis. Because of this interference, diagnostic schemes that include tympanometry use a combination of different test results, including audiometry and acoustic reflex testing before deciding on a diagnosis.
Several authors have suggested an increased sensitivity of multifrequency tympanometry to various middle ear pathologies (Lilly 1984; Wada et al. 1989; Margolis & Goycollea 1993; Shahnaz & Polka 1997 Zhao et al. 2002) . However, although multifrequency tympanometry does add more objective diagnostic information, such as the frequency of middle ear resonance, the added information has not raised the sensitivity or selectivity of tympanometric diagnoses of middle ear disease to the point where they can stand alone. Indeed, there is no single objective measure that can by itself accurately diagnose most forms of conductive hearing loss.
Umbo velocity (V U ) measurement performed by laser Doppler vibrometry (LDV) in combination with audiometry has been shown to discriminate various middle ear and inner ear diseases quickly and with a high degree of sensitivity and selectivity (Huber et al. 2001; Rosowski et al. 2008) . Unlike tympanometry, which measures the response of the whole TM, umbo velocity measurements are less influenced by the compliance of the TM and are a more direct measure of the dynamic state of the middle ear ossicles (Nakajima et al. 2005a) . For example, Nakajima et al. (2005a) showed that while umbo velocity measurements were sensitive to changes in ossicular stiffness, tympanometry measurements on the same temporal bones were not.
Although the combination of LDV and audiometry performs well in diagnosing various ossicular pathologies, there are practical limitations regarding the use of the device and technique. The commercially available LDV systems in use are not approved for clinical application by the US Food and Drug Administration (FDA) and are therefore restricted to research facilities. Second, measuring umbo velocity requires a clinician with comfort and experience in otoscopic examinations of pathological ears under microscopy, for example, skill is required to successfully and consistently aim the laser on the umbo. (Arechevo et al. [2009] have a different view of the importance of experience in LDV measurements; however, we have observed an increase in the error of laser placement in more inexperienced clinicians.) Third, the data collection process requires calibration and measurement software that is not standardized across the different research facilities.
Ear-canal reflectance (ECR) is another measure of the mechanoacoustic response of the middle ear to sound stimulation in the ear canal. Like tympanometry, ECR is affected by the motion of the entire TM, where ECR can be calculated by taking the complex ratio of sound pressure reflected by the TM to the sound pressure incident on the lateral surface of the TM (Keefe et al. 1992) . Figure 1 shows an illustration of the incident sound wave, reflected sound wave, and the absorbed sound wave. Power reflectance (also known as energy reflectance) is calculated by taking the square of the magnitude of the ECR, ͉ECR͉ 2 . In the case of a completely passive response of the TM, the power reflectance varies from 1, when all the energy of sound is reflected back to the ear canal (100% reflectance), to 0, when all of the incident sound energy is absorbed by the middle and inner ear.
ECR is related to the acoustic impedance looking into the ear canal:
where Z is the impedance measured looking into the ear canal, and Z 0 ϭ c/A is the characteristic impedance of the ear canal, with the density of air, c the speed of sound in air (both at the measurement's temperature and atmospheric pressure), and A the cross-sectional area of the ear canal. (The ear-canal impedance Z and ECR can vary with frequency). Z is computed from the sound pressure produced in the ear canal by a calibrated sound source (Allen 1986; Keefe et al. 1993 Keefe et al. , 1994 Lynch et al. 1994; Voss & Allen 1994) . ECR has been used to quantify the acoustic response of the TM since the 1970s (Blauert & Platte 1974; Mehrgardt & Mellert 1977; Stinson et al. 1982; Hudde 1983; Keefe et al. 1993; Voss & Allen 1994) , and studies regarding its clinical application have been increasing since the mid-1990s (Keefe & Levi 1996; Feeney & Keefe 1999 Feeney et al. 2003; Allen et al. 2005; Vander Werff et al. 2007; Shahnaz et al. 2009 ). Keefe and Levi (1996) proposed measuring ear-canal power reflectance, ͉ECR͉ 2 , because it is less dependent on the measurement location within the ear canal compared with impedance or admittance, which are greatly affected by the presence of longitudinal standing waves in the sound pressure within the canal, particularly at frequencies above 1 kHz. Major assumptions in the calculation of ECR are that the ear canal is a tube of uniform area with rigid walls, and that there is no loss of acoustic power within the external ear. If these assumptions are valid, the power reflectance measured at any point in the ear canal equals the power reflectance at the TM. The efficacy of power reflectance measurements in the diagnosis of various middle ear pathologies is still under study (Shahnaz & Polka 2002; Feeney et al. 2003; Allen et al. 2005; Hunter et al. 2010) and is the point of our interest in ECR. However, although we are presently gathering clinical data to address efficacy (our preliminary studies in this regard are published in this issue [see pp. 35-43, Nakajima et al. 2011]) it is important to understand what ECR says about middle ear function in normal ears.
In this study, we compare measurements of ECR to other objective measurements of middle ear function including audiometry, umbo velocity, and tympanometry in a population of normal-hearing ears. Many of these comparisons have not been made previously. Correlations between ECR, audiometry, umbo velocity, and tympanometry are reported and discussed. These correlations demonstrate how variations in ECR in normal ears relate to variations observed in other objective measurements of middle ear function.
METHODS

Overview
Subjects recruited for this study had tests performed during two different sessions that were separated in time by a duration that varied between hours and several days. In one session, ECR and umbo velocity were measured in an open room in our human middle ear measurement laboratory during a span of less than 30 min. In the other session, standard air and bone-conduction audiometry and 226 Hz tympanometry were performed in a double-walled sound booth within the Audiology Department at the Massachusetts Eye and Ear Infirmary using Interacoustic Equinox audiometers and GSI Tympstar Middle Ear Analyzers. Fig. 1 . Cross-section of the ear illustrating the probe in the ear canal. The probe emits a sound pressure wave that is incident on the tympanic membrane. Some of the incident sound pressure is reflected back and measured by the probe. The rest of the incident sound pressure is absorbed by the TM and the structures behind it.
Subjects
This study was approved by the Human Studies Committee of the Massachusetts Eye and Ear Infirmary. Subjects for this study were generally staff members of the local institution, including health-care workers, researchers, administrators, and students. Fifty-eight subjects were tested, and informed consent and a brief medical and surgical history related to hearing were initially obtained. Umbo velocity (V U ) by LDV was measured, followed by ECR measurements. In all subjects, pure-tone audiometric thresholds for air and bone conduction, in addition to 226 Hz tympanograms, were gathered by a certified audiologist (mostly by author C.H.).
Inclusion Criteria for Subjects to be Considered "Normal
Hearing" • Out of the 58 subjects tested, 29 subjects (58 ears), which included 16 females and 13 males between the ages of 22 to 64 yr, met our criteria of "normal hearing" (Table 1 details the demographics). To be considered "normal hearing," subjects met all the following criteria. (1) There was no history of significant middle ear disease (e.g., otitis media or effusion 2 or more years previously were not considered significant if there were no known residual consequences). (2) There was no history of otologic surgery, with the exception of myringotomy or tympanostomy tube placement over 2 yr prior.
(3) The external ear and TM revealed no abnormalities on otoscopic examination. (4) Audiometric measurements had pure-tone thresholds of 20 dB HL or better at octave frequencies between 0.250 and 8 kHz. (5) Air-bone gaps were no greater than 15 dB at 0.25 kHz and 10 dB between frequencies of 0.5 to 4 kHz. Most subjects had air and bone thresholds between 0 and 10 dB HL with an average near 8 to 9 dB HL at the highest frequencies (Table 2 ). (6) Tympanograms were Type-A peaked, with peak pressures of Ϫ100 to ϩ50 daPa, static compliance of 0.3 to 2.0 cc, total tympanometric volumes (static compliance ϩ ear canal volume) between 0.7 and 2.7 cc, and normal-appearing shape that is neither rounded nor sharp. (7) All subjects included in the "normal hearing" population were required to have two "normal" ears (as defined by criteria described earlier). Exceptions to normality included subjects with hearing loss, abnormal tympanograms, and otoscopic abnormalities, for example, tympanosclerois as well as TMs that were "dull" or had a poor light reflex. Several of the normal subjects noted instances of occasional tinnitus but had no other hearing complaints.
Ear-Canal Reflectance
Instrumentation and Experimental Setup • ECR was measured using the Mimosa Acoustics HearID system (software v3.4.45.1), which is an FDA-approved, commercially available otoreflectance tool used by multiple groups (Allen et al. 2005; Shahnaz & Bork 2006; Vander Werff et al. 2007; Withnell et al. 2009; Hunter et al. 2010) . In making measurements with this device, we performed a new calibration of the measurement system for each tip that we used; the results of these individual source-tip calibrations were used to compute the reflectance (see section Calibration; Shahnaz & Bork 2006; Voss et al. 2008 ). The Mimosa system consists of an ER-10C probe (acoustical probe) that contains two output transducers (although only one of the "speakers" was used) and one input transducer (a microphone) coupled to a foam probe tip and connected to a laptop computer. Wideband chirp sound stimuli and a set of tone stimuli for nine frequencies between 0.2 and 6 kHz at 60 dB SPL were used. The averaging time was set to 3 sec (Fast Fourier Transform length of 2,048 and sampling rate of 48,000/sec). The microphone voltage measurements were stored for later conversion to power reflectance ͦECRͦ 2 and the phase of the reflectance ЄECR. Calibration • Mimosa's calibration procedure-which determines the Thévenin equivalent source parameters of the combined sound source, microphone, and attached foam tiputilizes sound pressure measurements at the entrance of four cylindrical tubes of different lengths (Allen 1986; Voss & Allen 1994; Shahnaz & Bork 2006; Voss et al. 2008) . We performed separate calibrations for each foam tip and used the individualized Thévenin parameters to calculate the reflectance measured by each tip. Mimosa's software requires the calculated Thévenin equivalent to be within a set of predetermined boundaries before one can proceed with reflectance measurements. Various conditions result in poor calibrations, for example, (i) imperfections in the foam probe tip, where the glue holding the plastic tubing within the surrounding foam loosens, resulting in an air leak between the tubing and the tip; (ii) the foam would not expand adequately to seal the tip within the calibration fixture; or (iii) excessive room or electrical noise. To increase the chance of passing calibrations, certain maneuvers were necessary and recommended by Mimosa: (1) placing the calibration cavity system on a thick foam base over a solid stable surface to decrease mechanical vibration; (2) 
inserting the probe maximally in the cavity at position "0" and letting it expand there for at least 5 min before performing the calibration;
(3) stabilizing the electrical cord that couples the source to the computer to ensure that the probe tip was perpendicular to the cavity opening; (4) unplugging the AC wall power supply of the laptop computer (to use battery power) to decrease electrical noise; (5) trying no more than twice to pass a calibration because the foam ear-tip can become worn from repeated squeezing before insertion into the calibration cavity, thereby preventing adequate recoil of the foam for a proper seal. Calibrations for several foam tips were performed on the same day or day before subject measurements, and each tip was marked to identify its specific calibration measurement. Because of the uncertainties within the calibration process that sometimes led to many calibration trials before defining an adequate tip and calibration, it was impractical to calibrate immediately before each subject measurement.
Measurements • Subjects were seated comfortably. Before inserting the foam probe tip, the subject was asked to swallow to attempt equalization of the middle ear pressure to atmospheric pressure, then to refrain from swallowing after the insertion of the foam probe tip into the ear canal. The cord of the probe tube was positioned around the neck or shoulder with a stabilizing clip so as to avoid tension on the cord and to keep the foam-tip positioned straight and stable in the ear canal. At least 2 min was provided to allow expansion of the foam probe tip after insertion. Full expansion was marked by a feeling of blockage in the ear by the subject. As a leak-free seal is necessary for an accurate measurement, leaks were identified by (1) excessive noise in power reflectance (significant variations with varied frequencies) at low frequencies;
(2) an ear-canal impedance phase (one of the standard outputs of the Mimosa system) with an atypical pattern (typically, the impedance phase is negative and slowly increasing at low frequencies); and (3) increases in power reflectance at low frequencies with repeated measurements, which indicated the foam tip was still expanding. Generally, it required about 10 min to complete measurements for both ears. In each test ear, wideband chirp responses were repeated until two sequential measurements varied by less than a few percent, followed by a response to a set of tone stimuli. The tone measurements were used to confirm the repeatability of the measurements. The two repeatable chirp responses were then averaged and used for further analyses. Responses from the tone stimuli were only used to check for repeatability. No manipulations of the chirp data, such as a smoothing algorithm, were performed.
Umbo Velocity
Umbo velocity was measured with an HLV-1000 laser Doppler vibrometer (Polytec, Irvine, CA). The laser had a power of Ͻ1 mW (US FDA Class II), had a minimum spot diameter of 100 m, and was mounted on a Zeiss OPMI-1 operating microscope. A speculum with a glass-backed sound coupler including an ER 3 earphone and ER7 microphone (Etymotic Research, Elk Grove, IL) was used to present controlled sound stimuli and provide visual access to the eardrum following the techniques described in previous publications (Whittemore et al. 2004; Rosowski et al. 2008 ). The laser beam was aimed near the anterior border of the umbo where there is generally a bright reflection of laser light. The technique measures V U and sound pressure near the TM (between 1 and 0.5 cm from the umbo) during a 1-sec presentation of nine simultaneous frequency tones between 0.3 and 6 kHz at 70 to 90 dB SPL. Several responses (3-5) are averaged and analyzed. Generally, measurements for both ears took approximately 5 to 10 min (Whittemore et al. 2004; Rosowski et al. 2008) . All measurements of umbo velocity reported in this publication have been normalized by the measured sound pressure and have units of velocity per sound pressure (mm s Ϫ1 Pa Ϫ1 ).
RESULTS
Acoustic Reflectance Measurements
Power Reflectance, ͦECRͦ 2 • Power reflectance, the square of the magnitude of the pressure reflectance, ͉ECR͉ 2 , describes the fraction of the incident acoustic power that is reflected back by the TM, where a power reflectance of 1 corresponds to the condition where all acoustic power is reflected back and reflectance of 0 corresponds to the condition where all power is absorbed at the TM. Power reflectances for the 58 normal ears vary considerably, especially in the fine structure of repeated local minima and maxima. Figure 2A plots the power reflectance ͉ECR͉ 2 from seven representative individuals who were selected to represent the measurements obtained from the whole group of 58 ears. This plot demonstrates the variety of frequency responses obtained. The seven examples include two ears with the most extreme reflectance measurements (plotted with gray lines) that illustrate the largest and smallest power reflectance data recorded at frequencies less than 2 kHz. The other five examples (plotted with black lines) are individual measurements that are mostly within 1 SD from the mean; note the varying number and frequency locations of the local minima and maxima in reflectance in these ears. The seven examples include four right and three left ears. Each curve has been computed from the sound pressures produced by the source using the calibrations performed for the individual foam tip used in the measurement. Figure 2B plots the mean and SD of ͉ECR͉ 2 from the 58 normal ears (29 subjects). The mean power reflectance is near 1.0 at the lowest measured frequencies (0.2-0.3 kHz), suggesting almost all incident acoustic energy at those frequencies is being reflected back from the TM with little absorption of energy by the middle and inner ear. With increasing frequency, the mean power reflectance decreases monotonically to a broad minimum of 0.3 to 0.4 between 1 and 4 kHz. This minimum of power reflectance suggests a maximum transmission of energy to structures behind the TM at these frequencies. Of note, the individual power reflectances often have narrowband fluctuations of magnitude within the 1 to 4 kHz range ( Fig. 2A ). Above 4 kHz, the average power reflectance sharply increases with increasing frequency, to almost 0.8 by 6 kHz.
Reflectance Phase, ЄECR • The phase of the pressure reflectance, ЄECR, unlike the power reflectance, is sensitive to the distance between the tip of the foam plug and the TM. For our data, the reflectance phase varies between 0 to 360 degrees. Figure 3A shows representative ЄECR measurements for the seven subjects plotted in Figure 2A . The ears with the most extreme ͉ECR͉ 2 (plotted with gray lines in Fig. 2A ) also had the most extreme ЄECR (Fig. 3A ) at frequencies less than 1 kHz together with near maximal and minimal angle measurements at higher frequencies. Figure 3B plots the mean and SD of ЄECR. On this log-frequency scale, ЄECR changes faster as frequency increases above approximately 2 kHz. Figure 4 plots the mean and SD of ЄECR on a linear frequency scale, allowing one to study the group delay (the derivative of reflectance phase with respect to radian frequency). The group delay of the pressure reflectance, estimated for the wide frequency range (0.2-6 kHz), is approximately 100 sec. However, Figure 4 points out that the group delay is not constant with frequency. The group delay is slightly higher for frequencies below 0.7 kHz and between 1.7 and 3.7 kHz, compared with the group delays between 0.8 and 1.7 kHz and above 3.7 kHz. At the higher frequencies, the group delay of ЄECR is of a size consistent with the length of the ear canal. A delay of about 100 sec multiplied by a speed of sound in the ear canal of 350 m/sec yields a length of about 3.5 cm, which is about twice the distance between the probe tip and the TM, and accounts for the forward travel of the incident wave and the backward travel of the reflection. The frequencydependent deviations from a simple delay are discussed in later sections.
Repeatability of Power Reflectance Measurements • Both ears
of seven subjects were tested repeatedly, where after the first recording, subsequent measurements were made once a week for 3 wk. Figures 5A, B show the arithmetic differences between the 1st and the 2nd, 3rd, and 4th recordings of ͉ECR͉ 2 , together with similarly calculated differences in ЄECR. The seven subjects included two subjects who were not considered "normal" by our strict criteria and were not included in Figures 1 to 3. Tympanometry on one of the two additional subjects showed an unusually compliant (hypercompliant) TM (gray dashed lines in Figs. 5A, C), and the second had a lowfrequency air-bone gap due to a hypersensitive bone curve for 0.25 and 0.5 kHz although his/her air conduction thresholds were normal (gray dotted lines in Figs. 5A, C). These two subjects not included in the "normal hearing" category had some of the largest test-retest differences. The subject with the abnormally compliant TM (gray dotted lines) had large testretest differences between 0.3 and 0.7 kHz, and the subject with the low-frequency air-bone gap (gray dashed lines) had large test-retest differences above 3 kHz. Figures ЄECR along with the SD calculated from the normal population. The mean of the differences is near 0.0 consistent with random variations around the central value. The SDs of these test-retest measurements are only a little smaller than the SD measured across the normal population, which suggests a significant fraction of the differences seen between individuals may be explained by intrasubject variations in reflectance measurements.
Comparison of Power Reflectance to Previous Reports • The
power reflectance obtained in this study is compared with previously published data in Figure 6 . Figure 6A compares our mean (black thick line) Ϯ 1 SD (shaded area), with previously published means (colored lines and markers) and SDs (vertical bars). Published data include Feeney and Sanford (2004, "elderly" and "young" populations) , Shahnaz and Shaw (2010, Caucasian only) , and Voss and Allen (1994) . Our data are generally similar to data recorded by other investigators. The data from the "young" population obtained by Feeney and Sanford (2004) deviate the most from ours as well as other investigators by having higher power reflectance below 2 kHz. The populations of the various studies have generally similar ages, except for the "elderly" group of Feeney and Sanford (2004) . The average age of the Feeney and Sanford (2004) "elderly" group (N ϭ 30) was 72.6 yr and the "young" group (N ϭ 40) was 21.4 yr. The subjects in the Shahnaz and Shaw (2010) range of 20 to 45 yr. Voss and Allen (1994) used subjects (N ϭ 10) with a range of age between 18 and 24 yr. Our present study (N ϭ 72) used subjects with an average age of 36 yr, with a range of 22 to 64 yr. In the mid-frequency region (1-3 kHz), our data are very similar to Shahnaz and Shaw (2010) who used the same measuring device (Mimosa) with similar calibration technique as ours, as well as the measurements of Voss and Allen (1994) . At lower frequencies (Ͻ1 kHz), our mean is very similar to Voss and Allen (1994) but slightly higher than Shahnaz and Shaw (2010) .
We also compared the median of our ͉ECR͉ 2 to published reports by Werner et al. (2010) and Shahnaz and Shaw (2010) in Figure 6B . Werner et al. (2010) used subjects (N ϭ 210) aged between 18 and 30 yr. Generally, the median for our data is similar to the median of other investigators' data. The mean and median from our measurements are similar.
Differences Between Power Reflectance Measurements of Right and Left Ears
• The power reflectance measured in the left and right ears of each subject were similar, and the means of the difference in ͉ECR͉ 2 between the left ear and right ear at nine selected frequencies varied between Ϫ0.041 and 0.044 with the largest absolute differences at 1 and 2 kHz. The SD about these differences varied from 0.04 to 0.24 with the larger SDs at the higher frequencies. The significance at each frequency was determined with a paired t-test using two-tailed probabilities and the Holm variation of the Bonferroni correction (Norman & Streiner, 2008) . Using these criteria, the left-right difference in ͉ECR͉ 2 of Ϫ0.23 Ϯ 0.041 at 0.3 kHz, just reaches the p ϭ 0.05 level.
Differences Between Power Reflectance in Males and
Females • We observed small but generally not significant gender-related differences in the power reflectance. At frequencies of 2 kHz and below, the average ͉ECR͉ 2 in female ears was larger, with female-male differences of between 10% and 15% of the female value at frequencies between 0.5 and 2 kHz. At 3, 4, and 6 kHz, the female-male difference was negative and varied from Ϫ20% to Ϫ40%. Using t-tests and the Holm variation described earlier, we found these differences only reached the p Ͻ 0.05 level at 4 kHz. Feeney and Sanford (2004) noted similar gender effects in their young adult group.
Absorbance Level: 10 ؋ log 10 (1 ؊ ͦECRͦ 2 ) • Another way to express measurements of power reflectance is in terms of power absorption. Power absorbance (1 Ϫ ͉ECR͉ 2 ) (ANSI S1.1-1994; Liu et al. 2008 ) mirrors power reflectance, ͉ECR͉ 2 , in that 1 now represents total absorption (no reflection) and 0 no absorption (total reflection). The dB representation of the power absorption (called transmittance by Allen et al. [2005] ) is an absorbance level, equal to 10 ϫ log 10 (1 Ϫ ͉ECR͉ 2 ). The absorbance level, from our normal population (Fig. 7) , quantifies how much energy is absorbed by the middle/inner ear on a logarithmic scale, allowing for useful comparisons to other logarithmic measures of hearing function (Allen et al. 2005) . The mean absorbance level from our normal subjects increases almost as a straight line in the logarithmic plot, at about 15 dB/decade below 1 kHz, consistent with an absorbance that varies as the 1.5 power of frequency. Above 4 kHz, the absorbance level decreases at about 23 dB/decade.
Umbo Velocity Measurements
Figures 8A, C plot the magnitude and phase of V U , the umbo velocity normalized by the ear-canal pressure, from the same seven representative individuals illustrated in Figures 2A, 3A . Unlike the reflectance measurements, which were made in response to a broadband chirp, the V U measurements are responses to a nine-tone complex and the resultant data show coarser frequency resolution than the reflectance. The V U from the two ears with the most extreme power reflectance is plotted with gray lines, as in Figures 2A, 3A . The ear with the highest reflectance at frequencies below 2 kHz (23, right) shows low V U magnitude, whereas the ear with the lowest reflectance magnitude below 2 kHz (6, right) has a V U phase that accumulates more rapidly than the other ears. On the right column, Figures 8B, D , the mean magnitude and phase of the umbo velocity for this study is plotted in solid black line and the range of the mean Ϯ the SD is shaded gray.
The V U data from this study were compared with a previous study from our laboratory (Whittemore et al. 2004 ) plotted in Figures 8B, D with dashed lines for the mean and the striped area for the range of the mean Ϯ SD. The mean and SDs from the two studies are very similar. However, the criteria used to define "normal" differed slightly. The criteria used by Whittemore et al. (2004) for "normal hearing" included otoscopic examination showing no abnormality, medical history showing no significant ear disease, and air and bone conduction thresholds Յ20 dB. The criteria of the present study for "normal" was stricter requiring no air-bone gap greater than 15 dB at 0.25 kHz and 10 dB between 0.25 and 8 kHz, normal tympanograms (see Methods section), and the requirement that both ears fit the normal criteria for the two ears to be included in the "normal" category (Whittemore only included one ear from each subject). The mean age of the Whittemore et al. 
DISCUSSION
Test Population
This article deals with comparisons between different objective measurements of middle ear function in a "normal" population, where our definition of "normal" is fairly strict. Although our restriction to ears with normal clinical history, audiometry, and tympanometry are common to most studies, a significant difference is that we require both ears to meet the normal criteria for any subject to be counted as normal. This restriction was placed because of our informal and unpublished observations that patients with unilateral conductive hearing loss due to otosclerosis, who exhibit low-normal middle ear function (as determined by umbo velocity measurements) in the affected ear, often show similar low-normal middle ear function in the contralateral ear despite having normal-hearing thresholds. One interpretation of this observation is that the contralateral ear is affected by subclinical middle ear disease and is not strictly normal. Our requirement that both ears of a subject meet normal criteria before either ear is considered normal limits the possibility that subclinical pathology is included in the normal population. Another difference in our normal population compared with a few others is that we include both ears of each normal subject. Such an inclusion is consistent with the small but significant left-right differences that others (Arechevo et al. 2009 ) have observed in measurements of tympanic-membrane mobility.
Acoustic Reflectance Measurements
The reflectance measurements in our normal population are consistent with a high power reflectance at frequencies below 0.5 kHz as well as at frequencies above 5 kHz. Between these limits is a range of relatively low-reflectance region that corresponds roughly with the frequency range of lowest hearing threshold under earphones (Allen et al. 2005) . Although these general trends are apparent in the individual measurements, there is also significant variability in reflectance between different ears and subjects at any one frequency as well as from frequency to frequency in an individual ear.
Interpretation of ECR Measurements
• ECR is a complex variable (with magnitude and phase) that varies with frequency and describes the magnitude and phase of the ratio of the sound pressure in a "backward" reflected wave to the sound pressure in the "forward" incident wave at a specific location. The terms "backward" and "forward" imply a one-dimensional system with the reference direction proceeding from a source toward the reflecting surface. Since sound-propagation in the ear canal approximates such a system, reflectance has been used to quantify sound power transfer through the canal. In a truly "one-dimensional" tube system of constant cross section, rigid (lossless) walls, and an inviscid (lossless) sound conducting media, the pressure reflectance depends on the combination of the terminating impedance and the canal cross-section, and the magnitude of the reflectance ͉ECR͉ is independent of the distance between the measurement location within the tube and the terminating "reflecting" surface. The power reflectance, the square of the pressure reflectance magnitude (͉ECR͉ 2 ), and its derivatives, the absorbance (1 Ϫ ͉ECR͉ 2 ) and absorbance level (10 ϫ log [1 Ϫ ͉ECR͉ 2 ]), similarly depend on the tube's cross-section and termination and are also independent of the position in the tube.
In response to stimulus frequencies of 0.2 to 0.6 kHz, most normal ears exhibited a power reflectance of 0.7 or higher with reflectance decreasing as frequency increases ( Figs. 2A, B ). In the same frequency range, the absorbance level increases at a rate of 15 dB/decade (Fig. 7) from a mean value of approximately Ϫ14 dB at 0.2 kHz to Ϫ6 dB at 0.6 kHz. This change in absorbance level approximates the nearly 20 dB (factor of 10) per decade increase in normalized umbo velocity over the same frequency range (Fig. 8) ; an increase consistent with a compliance dominated mobility. However, the comparison of absorbance and velocity is more complicated. A purely compliant termination absorbs no power and will produce a reflectance magnitude of 1 at all frequencies. What determines the decrease in reflectance and the increase in absorbance, as frequency increases from 0.2 to 0.6 kHz, is the transition from compliance-dominated to resistance-dominated middle ear mechanics that occurs in human ears at frequencies near 0.6 kHz (Zwislocki 1962) ; as the resistance becomes dominant, more power is absorbed. A second feature essential to this nearlinear increase in absorbance with frequency is that the middle ear input resistance measured at the TM is similar (within an order of magnitude) to the characteristic impedance of the external-ear canal.
In response to stimulus frequencies of 1 to 4 kHz, the mean power reflectance is below 0.4 (Fig. 2 ) and the absorbance level (Fig. 7) is about Ϫ2.5 dB. This is the frequency range where the largest fraction of incident power is absorbed by the TM and the structures behind it (and the smallest fraction reflected). As noted earlier, this frequency range corresponds to the frequency range of the most sensitive human thresholds to sound. It also corresponds to the frequency range where measurements of middle ear input impedance in human ears are most resistive (Rabinowitz 1981) . It should be remembered that although the average power reflectance and absorbance level curves show near uniform power reflectance and absorption in this frequency range, the individual reflectance data usually show multiple minima and maxima in reflectance in this range, which would lead to Ϯ 2 dB variations in absorbance level in individual ears ( Figs. 2A, B) .
At frequencies above 4 kHz, the average (and most individual) power reflectance increases back toward a value of 1. This increase was noted by Stinson, Shaw, and coworkers in the early 1980s, and they attributed it to an effect of a mass-like component in high-frequency human middle ear mechanics associated with overcoming the inertance of the TM, ossicles, and inner ear fluids (Stinson et al. 1982; Shaw & Stinson 1983) .
The phase angle of the pressure reflectance, ЄECR, is the phase of the reflected pressure relative to the incident pressure and can be used to estimate the length of time (group delay) it takes the incident wave to travel to the TM plus the time associated with the reflection from the TM and the time it takes for the reflected sound to return to the microphone. The averaged group delay estimated across the whole frequency range measured is approximately 100 sec, consistent with a distance between the TM and the source in the ear canal of about 1.75 cm However, the averaged phase versus frequency plot is not a perfectly straight line throughout the whole frequency range (Fig. 4) . Frequencies below 1.7 kHz and above 3.7 kHz have a somewhat shorter group delay (76 and 98 sec), compared with the group delay calculated between 1.7 and 3.6 kHz (150 sec) where there is low power reflectance (high absorbance). The longer delay in the mid-frequency region suggests a distance between source and TM of 2.5 cm.
The variations we see in group delay with frequency can be simply explained. ЄECR has two components: one component is the angle of the reflectance measured at the TM, where this reflectance angle depends on the middle ear input impedance and the cross-sectional area of the canal at the TM. A simple mass-stiffness-damper model of the TM produces a reflectance angle that varies over 180 degrees as frequency varies. Furthermore, the frequency variations tend to occur in steps related to the transitional frequencies where the impedance value shifts from stiffness to damper to mass control. The second compo-nent of ЄECR is the phase accumulated during the round trip travel of sound between the source and the TM. This component varies proportionally with frequency and will have a group delay that depends on canal length. This second component will dominate the group delay of the ЄECR over frequency ranges where the contribution of the impedance-determined component changes slowly with frequency. If we assume the more rapid transition in ЄECR in Figure 4 observed at frequencies less than 0.5 kHz and near 2 kHz are due to the load impedance-related component, then the delay observed at high frequencies may be a better estimator of canal length.
Sources of Variability in Power Reflectance
Measurements • One source of variability in our measurements is the intrasubject variation we observed between tests and retests of ECR in a small population (Fig. 5) . The Ϯ0.1 variations we see in repeated measurements of power reflectance made over a 4-wk interval accounts for a significant fraction of the Ϯ0.15 SD observed in the normal population. This test-retest performance is similar to that of Werner et al. (2010) . Several factors may contribute to the test-retest variability. (a) Small differences in middle ear pressure between measurements can affect reflectance ) just as they affect the measured middle ear impedance during tympanometry. We attempted to control for such variations by having the subjects swallow several times before our measurements, but the effectiveness of such procedures is variable. (b) Small differences in the placement of the probe and ear tip within the external ear can contribute to test-retest variability in measurements of middle ear impedance and reflectance (Huang et al. 2000a, b) . Differences in the cross-sectional area of the canal at different locations may play a role, since the cross-sectional area of real ear canals vary along their length (Stinson 1985) . Voss et al. (2008) also described small differences in reflectance related to differences in the length of the ear canal between the probe and the TM.
Factors that contribute to intersubject differences in ECR and power reflectance include the following. (a) Interindividual differences in the impedance at the TM (including contributions from the TM, ossicular, cochlear, and cavity impedances) are known to be significant (Zwislocki & Feldman 1970; Margolis & Shanks 1985; Stepp and Voss 2006; Voss et al. 2008) . The static compliances we measured in our normal subjects varied between 0.3 and 1.3 cc of equivalent volume. This difference reflects intersubject variations in the impedance of the TM itself, as well as variations in the impedance of the middle ear cavities, the stiffness of the ossicular joints, and the impedance of the inner ear (Aibara et al. 2001; Nakajima et al. 2009 ). (b) Interindividual differences in the cross-sectional area, length of the canal, and rigidity of the ear canal may also contribute to intersubject variations in reflectance (Voss et al. 2008) . Equation 1 describes how the computed reflectance depends on the characteristic impedance of the ear canal (Z 0 ), where this impedance is inversely related to the cross-section of the ear canal at the measurement location. The Mimosa software calculates the reflectance based on the type of tip (small medium or large) used to seal the ear canal, where associated with each tip type is a specific canal cross-sectional area. Small differences between the actual canal cross-section and the cross-section used in the measurements are known to cause small but consistent deviations in the computed ECR (Keefe et al. 1993 (Keefe et al. , 1994 Huang et al. 2000a ). Although the uniform ear canal approximation used in defining reflectance suggests that the measured reflectance is independent of length of the canal between the measurements site and the TM, Voss et al. (2008) in human temporal bones and Huang et al. (2000b) in cat demonstrated that the measured reflectance showed small but consistent differences that varied with the length of the canal between the tip and the TM. Also, since the assumption of rigidity of the ear-canal wall used in computing reflectance has been shown to not hold true in infants (Keefe et al. 1994) , perhaps small interindividual deviations in canal-wall compliance in adults may contribute to interindividual differences in ECR measurements. (c) A third potential cause of interindividual differences is age differences. Our subject group is heterogeneous in age, with a range between 22 and 64 yr. Feeney and Sanford (2004) have reported age-related differences in power reflectance and such differences would contribute to the interindividual variation in our study population.
Differences Within Subgroups of the Normal Population • Significant variations in pressure reflectance between different subject populations have been reported. For example, Shahnaz and Bork (2006) reported variations in reflectance linked to both ethnicity and gender. Although our subject group is primarily Caucasian, with only a few subjects of Asian and African descent, we can investigate gender, age, and left-right differences. We did see small but significant gender-related differences in power reflectance. The power reflectance measured in females tends to be higher than that in males at frequencies of 2 kHz and below and lower than males at frequencies of 3 to 6 kHz. However, only the difference at 4 kHz was significant at the p Ͻ 0.05 level. Feeney and Sanford (2004) saw similar gender differences in their young-adult population. Werner et al. (2010) found slightly higher ear-canal impedance in females than males but no gender difference in power reflectance. It may be that these differences are related to differences in ear-canal cross-sectional areas between the two populations. Shahnaz and Bork (2006) suggested such a cause for the similar variations in reflectance observed in Caucasians and Asians (who have smaller than average earcanal dimensions).
Age-Related Differences • Because of an uneven distribution
of the age of our subjects, with a preponderance of subjects younger than 40 yr, we tested for age effects using correlation and regression analyses in our 29 normal subjects. No strongly significant relationships were found between power reflectance and age. The most significant relationship was observed between age and ͉ECR͉ 2 at 1 kHz. (Fig. 9) , where the uncorrected probability that the regression slope equals zero is p ϭ 0.014. After applying a Bonferonni correction because of the multiple regression analyses, the significance decreases to p ϳ 0.125. The square of the Pearson-Product correlation coefficient r 2 indicates that 10.2% of the variability in the 1 kHz power reflectance data can be explained by a linear relationship with subject age at 1 kHz. The negative slope fit to the data of Figure 9 suggests the reflectance decreases with age. Such a decrease is consistent with the direction of age-related change in reflectance reported by Feeney and Sanford (2004) ; however, the magnitude of the change that we observe is much smaller, as is the reflectance magnitude we measure in young ears compared with Feeney and Sanford (2004) . Slower and less-significant decreases in reflectance with age occur at other frequencies. We also found a mildly significant correlation between the magnitude of the measured umbo velocities and subject age at 1 kHz but not at other frequencies. (The dB value of V U magnitude at 1 kHz was positively correlated to age with a slope of ϩ0.12 dB/yr and r 2 ϭ 0.13, with an uncorrected significance of the slope of p ϭ 0.005 and a corrected significance of p B ϭ 0.045). Whittemore et al. (2004) found no significant relationship between V U and age. The shallow but significant regression slopes between ͉ECR͉ 2 and age, and V U and age in this study are consistent with a small increase in eardrum mobility with age.
Left-Right Differences
• As discussed in the Results section, our selection of normal subjects based on binaural criteria allowed us to check for left-right differences in power reflectance. We conducted paired-tests investigating the significance of left-right differences in power reflectance at each of nine logarithmically spaced frequencies. The differences in reflectance between the left and right ear approached 15% of the grouped mean at 2 and 8 kHz but were only significantly different from zero (p value Ͻ0.05) at 0.3 kHz. Also as noted in the Results section, there was a tendency for the right ear to have larger reflectance values at frequencies below 1 kHz. Whether this tendency is significant bears further investigation. Werner et al. (2010) also observed small differences between left and right ears in ͉ECR͉ 2 . Small but significant differences between umbo velocity measurements in the left and right ears of individuals have also been reported (Arechevo et al. 2009 ), while Whittemore et al. (2004) documented significant correlations between umbo velocity measurements in left and right ears. If these differences are indeed real, they may indicate small differences in the dimensions of the left and right ears or small differences in the mechanical parameters that govern middle ear function.
Comparison to Previous Reports of ͦECRͦ 2 • Various publications have reported ear-canal power reflectance ͉ECR͉ 2 for normal-hearing adult subjects. Definition of "normal" differs among the various studies, and in this present study, Fig. 9 . Power reflectance at 1 kHz versus age. The regression line shown has a negative slope suggesting that the reflectance at 1 kHz tends to decrease with age. The line is the result of a least-squares regression analysis, where power reflectance ϭ 0.594 Ϫ 0.0045 the age in years. The probability p is the calculated probability that the regression slope equals zero based on a single regression calculation done at 1 kHz. The probability p B is the calculated probability after applying a Bonferonni correction for the use of repeated regression/correlation calculations.
both ears had to pass our strict criteria (see Methods section). We required both ears to be normal because our informal experience from umbo velocity measurements suggested that ears with normal-hearing levels that are contralateral to ears with otosclerosis or superior-canal dehiscence often show mechanical measurements consistent with the pathology in the other ear.
Comparisons between different power reflectance normal studies data (Fig. 6) show much similarity between our and most other results. The exception is the study of Feeney and Sanford (2004) in which both their elderly and young populations had higher ͉ECR͉ 2 than other studies. The discrepancy between both the "young" and "old" age groups from the Feeney and Sanford (2004) and the other studies suggests that age is not a factor in this comparison. All the studies compared used an insert earphone with a foam tip and an indwelling measurement microphone. Feeney and Sanford (2004) reasoned that their measurements had higher power reflectance compared with others because they had fully inserted the probe tip deeply into the ear canal, and if the energy reflectance at low frequencies was less than 0.8 after 2 min of insertion, the probe was reinserted and the process repeated, favoring higher reflectance measurements at low frequencies. In our protocol, we first inserted the probe tip, waited for 2 min, and performed multiple measurements separated by about a minute. We continued to repeat measurements until stability was reached (thus assuming that the foam tip had finished expanding enough to seal the ear canal). If the recording was very noisy or unusual (see Methods section), the tip was removed and reinserted or a new tip was used. The study by Voss and Allen (1994) used a similar calibration system and had similar ͉ECR͉ 2 values to our study (Fig. 6 ). Shahnaz and Shaw (2010) used the Mimosa system (as we did) and found similar but slightly lower ͉ECR͉ 2 results compared with this study. The Shahnaz and Shaw (2010) result plotted in Fig. 6 is from their Caucasian population, while our subjects were mostly Caucasian. Shahnaz and Bork (2006) showed that their Chinese ethnic group tended to have lower ͉ECR͉ 2 than their Caucasian group, which Shahnaz attributed to differences in size (such as ear canal size) between the two groups.
Umbo Velocity Measurements
The umbo velocities measured in this study (N ϭ 58) were similar to the umbo velocities measured in our previous study (N ϭ 56) (Whittemore et al., 2004) for subjects with normal hearing (Fig. 8) . The criteria necessary to be included in the "normal" category was stricter in the present study (see Methods and Results section) and also required normal tympanometric measurements which were not included in the old study as well as the limitation that both ears needed to meet the other normal criteria. Unlike the chirp stimulus used in reflectance measurements, the stimulus for umbo velocity was nine simultaneous tones, resulting in a coarser frequency resolution. The nine-tone stimulus protocol was optimized for measurement speed and high signal to noise ratio. The normal-hearing ears with high or low power reflectance measurements (e.g., ears 6R and 23R of Fig. 2A ) tended to be outliers in either umbo velocity magnitude or phase (Fig. 8A, C) .
Correlations Between Reflectance, Umbo Velocity, Tympanometry, and Audiometry
The data we, and others, have presented describe a significant amount of variability in the measurements of reflectance and umbo velocity in normal ears. In this section, we describe attempts to use correlation and linear regression to determine if some of this variation comes from common factors in the response of a specific ear to sound. We also investigate correlations between our measurements and tympanometry and audiometry.
Correlations Within the Power Reflectance and Umbo
Velocity Measurements • Not surprisingly, we saw a fair amount of correlation between power reflectance measurements made at different frequencies across the 58 ears. The correlation values were highest (r 2 Ͼ 0.2) when comparing power reflectances measured at one low frequency (f Ͻ 2 kHz) with measurements made at another nearby low frequency. Correlations between reflectances measured at pairs of higher frequency were weaker. These trends in across-frequency correlations are consistent with our observations of individual measurements ( Fig. 2A) . At frequencies less than 1 kHz, there is a stereotypical smoothly inverse relationship between power reflectance and frequency in many ears. At frequencies between 1 and 4 kHz, there are smaller cyclic variations in reflectance, which vary greatly between ears.
Similar patterns are observed when correlating the magnitudes of the umbo velocity measured at different frequencies in the 58 ears. Umbo velocities measured at 0.3, 0.5, 0.7, and 1 kHz are highly correlated with each other (0.5 Ͻ r 2 Ͻ 0.92), and the degree of across-frequency correlations decreases when comparing umbo velocity magnitudes at higher frequencies.
Similar correlations between umbo velocities at different frequencies in normal ears were reported by Whittemore et al. (2004) .
Correlations Between Power Reflectance and Umbo
Velocity • Highly significant negative correlations were found between umbo velocity magnitude and power reflectance measured at frequencies of 0.3, 0.5, 0.7, and 1 kHz (Table 3) . Some of these relationships are plotted in Figure 10 . A least-squares linear regression analysis between ͉ECR͉ 2 and V U at 0.7 kHz is illustrated in Figure 10A and at 1 kHz in Figure  10B . The probability that either of the pictured regression slopes equals 0 is much less than 0.1% (even after applying a Bonferroni correction). As might be intuited from the mechanics, the slopes are negative and larger umbo velocity magnitudes are expected to be indicative of decreased power reflectance. Correlations of similar significance and sign were found between power reflectance and umbo velocity measured at most frequencies of 1 kHz and lower (Table 3 ). The r 2 values noted in Table 3 indicate that on the order of 35% to 45% of the variance in ͉ECR͉ 2 at low frequencies can be explained by the described linear relationship with V U . A few weaker, but still significant, correlations were observed between ͉ECR͉ 2 and V U at 4 and 6 Hz but not at any other frequency. A conclusion from this analysis is that there is some common underlying feature that determines both the power reflectance and the umbo velocity at sound frequencies of 1 kHz and less, and that the two measurements are less related at higher frequencies. As will be discussed in the later sections, the acoustic compliance of the middle ear is a candidate for the coupling of reflectance and umbo velocity at low frequencies. The lack of correlation between the measurements in the middle frequencies may reflect differences in the acoustical-mechanical processes that determine reflectance and umbo velocity. One such difference may be that the complex motions of the TM that contribute to power reflectance are less important in determining how the ossicular chain is stimulated by sound in those frequencies (Tonndorf & Khanna 1970; Shaw & Stinson 1981; Cheng et al. 2010; de La Rochefoucauld & Olson 2010) . Such differences are consistent with the suggestions of Keefe (2007) , who determined that reflectance was better correlated with middle ear input admittance than it was with measurements of umbo velocity.
Correlations With Tympanometric Measurements • The high correlations between low-frequency measurements of power reflectance and umbo velocity suggest some common underlying feature. One candidate is the compliance of the middle ear, since it is commonly accepted that compliance dominates middle ear mechanics at frequencies below 1 kHz. Correlation coefficients were calculated between ͉ECR͉ 2 and V U at nine distributed frequencies and the tympanometrically determined static compliance and peak compliance (the sum of the static compliance and the ear canal compliance) in cubic centimeter. Weak correlations were found between the static compliances and V U measurements at frequencies of 0.3, 0.5, and 0.7 kHz (Table 4 ) but not at other frequencies. No noteworthy correlations were found between ͉ECR͉ 2 and static compliance. We did find stronger correlations between the peak total tympanometrically measured volume (the sum of the tympanometrically determined static compliance and the ear canal compliance) and ͉ECR͉ 2 and V U (Table 4 ; Fig. 11 ). These correlations were restricted to ͉ECR͉ 2 and V U measured at frequencies less than 1 kHz. Fig. 10 . Least-squares linear regression analyses between the power reflectance ͉ECR͉ 2 and normalized umbo velocity V U : (A) at 0.7 kHz and (B) at 1 kHz. The probability that either of the pictured regression slopes equals 0 is much less than 0.1%, even after Bonferonni correction. These results suggest that the combination of the middle ear and ear-canal compliances contribute significantly to the measured power reflectance and umbo velocity at frequencies below 1 kHz but not at higher frequencies. Specifically, our analysis suggests that between 8% and 16% of the variance we observed in our measurements of power reflectance and umbo velocity at low frequencies can be explained by differences in the acoustic-compliance measured in the ear canal. In discussing the significance of these correlations, it should be remembered that the tympanometric estimates were performed with a different measurement system and at a different time than the reflectance and umbo velocity measurements, where the effect of these differences are not clear. The difference in sign that we observe in the regression slopes between ͉ECR͉ 2 and compliance, and V U and compliance (Table 4 and Fig. 11 ) again reflects simple mechanical models in which compliance and velocity are proportional, while compliance and reflectance are inversely related.
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Correlations With Audiometric Thresholds
It has been suggested (Goode 1986 ) that variations in middle ear function can explain part of the wide variability in auditory sensitivity in normal and pathological ears. If this suggestion is true, one might expect to find significant correlations between the auditory thresholds that vary in normal ears by 20 dB ( Table 2 ) and measurements of middle ear function, such as umbo velocity and power reflectance, that also vary considerably among normal-hearing individuals. Our correlational analyses did not reveal any significant relationship between our objective measurements of middle ear mechanics and air-conduction thresholds at any frequency. This is consistent with Whittemore et al. (2004) , who failed to find any relationship between air thresholds and umbo velocity in a similar population. Whittemore et al. (2004) did report a significant (p Ͻ 0.01) relationship between umbo velocity measured at 2 kHz and bone thresholds at 1 kHz. The results from our data do not show the same significant relationship but do indicate at a few mildly significant correlations (0.08 Ͻ r 2 Ͻ 0.1, p Ͻ 0.05) between the bone thresholds at 1 kHz and the power reflectance at 0.3 and 0.5 kHz. The raw significance estimate at these frequencies is p ϳ 0.05. Taking into account the Bonferroni correction reduces the significance to chance levels.
A study that did find significant correlations between measures of middle ear mobility and audiometry in a normalhearing population was that of Ellison and Keefe (2005) . Although their analysis showed no significant correlations between power reflectance and hearing thresholds at frequencies of 6 kHz and less, they did describe a significant relationship between the power absorbed at 8 kHz and hearing thresholds at 0.25, 0.5, 1, and 2 kHz. They also observed correlations between ear-canal volume and hearing thresholds at 0.5 and 1 kHz and between static compliance and 4 kHz thresholds.
The lack of significant correlations between our objective measurements of middle ear acoustical and mechanical events and auditory thresholds suggests that the middle ear does not play a large role in the 20 dB variations in threshold that we observed in our normal ears. Although this conclusion is weakened by the results of Ellison and Keefe (2005) , who did report some correlation between reflectance 8 kHz (above the range of our study) and hearing at lower frequencies, factors that may limit our ability to find such correlations include the necessarily small range of thresholds in the normal ears (Ϫ10 to 20 dB) and the relatively large variations seen in repeated measurements of threshold and umbo velocity (Ϯ5 dB) and in reflectance (Ϯ0.1).
Effect of TM Abnormalities on Power Reflectance and Umbo Velocity
Mechanical measurements recorded from the ear canal can be influenced by the mechanical properties of the TM. Reflectance measurements can be greatly influenced, and possibly dominated, by unusual or pathological mechanical characteristics of the TM that mask the contributions of ossicular or inner ear mechanical processes to TM mobility. Umbo velocity measurements can also be influenced by TM mechanics even though the measurement is made directly on the umbo or very close to it. Tympanometry can sometimes provide additional information on the state of the eardrum, and we provide examples from normal-hearing subjects excluded from our study by abnormal tympanometry or otoscopic examinations. Fig. 11. (A, B) Correlations and linear regression analyses of power reflectance and normalized umbo velocity versus the peak total compliance (measured by tympanometry). Each panel contains data measured at two frequencies: 0.3 kHz, F, and 0.7 kHz, ϫ.
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The results of least-squares linear regression analyses are also plotted and noted in the figure legends. The significance of fit, p B , is the probability that the slope is zero corrected for the number of regression calculations performed between total compliance and either reflectance or umbo velocity.
In Figure 12A , we compare the Ϯ1 SD range of our normal ͉ECR͉ 2 measurements with measurements in four ears with normal audiometry but where tympanometry suggested a hypermobile TM (a static compliance well above the normal range). Two of these hypermobile ears are from this study, and two are taken from the report of Feeney et al. (2003) . The power reflectance measured in the hypermobile ears had significant notches at frequencies between 0.5 and 1.2 kHz, indicative of large absorption of energy at those frequencies.
The two ears from our subject with hypermobile TMs also showed somewhat higher umbo velocity when compared with the mean of our normal population with normal hearing and normal tympanometry (Fig. 12C ), but the measured V U varied by only about 1 SD from the mean. The power reflectance and tympanometric measurements in these ears are all consistent with a hypermobile TM; the umbo velocity measurements seem to be less affected by this condition.
In Figures 12B, D, we plot examples of power reflectance and umbo velocity measurements on the ears of two volunteer subjects and a clinic patient (none of which was included in our normal group) with normal audiograms but with tympanosclerosis over a majority of the TM area. The left ear of Subject 24 (the black solid line) had a normal tympanogram with a static compliance of 0.3 cc. The ͉ECR͉ 2 measured in this ear was quite high in the mid frequencies where the V U magnitude was low relative to normal. The right ear of Subject 44 (the dot-dashed line) had a nearly flat tympanogram with a small peak at 0 daPa and a static compliance of 0.05 cc. The ͉ECR͉ 2 and V U magnitudes measured in this ear are consistent with a significant decreased mobility at low frequencies. The left ear of Patient 76 (the dotted lines) had a sharp peaked tympanogram with normal static compliance (0.7 cc), near normal V U , and an ͉ECR͉ 2 suggestive of a decreased mobility of the TM. These examples demonstrate that tympanosclerosis (maybe coupled with other undescribed abnormalities) can produce significant variations in power reflectance and umbo velocity, even in ears with normal hearing. Therefore, TM abnormalities, such as tympanosclerosis, may mask the contribution of other pathologies to reflectance and umbo velocity measurements.
Practical Issues
Umbo velocity measurements have been made and studied in our laboratory for over 10 yr and have been shown to aid in the diagnosis of various middle and inner ear pathologies in our institution (Rosowski et al., 2003 (Rosowski et al., , 2008 Merchant 2007a, b) . Otologists at our institution often refer their patients for our measurements to aid in diagnosing conductive hearing loss. There is no question that an objective noninvasive diagnostic method such as umbo velocity measurements before surgery contributes to the understanding of pathology before surgery. These improvements in presurgical diagnosis lead to improved presurgical preparation, better counseling of patients as to surgical risks and benefits, and the prevention of unnecessary surgeries.
However, there are some practical issues with our umbo velocity measurement measurements. Our technique requires two professionals to make measurements-a trained clinician to operate the microscope-laser device and aim the laser on the umbo and a trained computer operator to gather and evaluate the data. The measurements depend greatly on the ability to focus the laser on a sufficiently bright spot on the TM to ensure enough light is reflected back to the vibrometer's sensor. Thus, a dull eardrum, a poor light reflex, or umbo obscured by anatomic irregularities (such as exostosis) can greatly complicate these measurements. Last, although the Polytec's HLV device has FDA approval for research purposes, it does not appear that Polytec is interested in applying for FDA approval for clinical use in the near future. ECR measurements have been a subject of research for many years (Stinson et al. 1982; Keefe et al. 1993; Voss & Allen 1994) . In this study, we used the only FDA-approved device (Mimosa) which is generally available for use in clinics to measure acoustic reflectance. This Mimosa device is considerably less expensive than the laser Doppler vibrometer and requires minimal training. The primary practical difficulty we faced with the Mimosa device was calibrating the foam inserts manufactured by Etymotic. It was a challenge sometimes to get a tip to pass the calibration criteria, even after multiple attempts. Successful calibration required very specific positioning of the ear tips in the calibration device, and minimization of environmental acoustical noise as well as electrical noise. Many tips were discarded due to repeated poor calibrations. Generally, once calibration was successful, the measurements in patients were simple to perform, though it was crucial to establish a complete seal of the ear canal with the foam tip in order to make repeatable measurements.
